A field study was undertaken to investigate the occurrence and toxin production of species in the diatom genus Pseudo-nitzschia in Namibian waters, in the extremely productive Benguela upwelling system. From surveys conducted on the R/V Mirabilis and the R/V !Anichab, 52 strains were morphologically determined to species level, supported by nuclear ITS rDNA data. Seven species were identified; P. australis, P. decipiens, P. dolorosa, P. fraudulenta, P. plurisecta, P. pungens var. cingulata, and the new species P. bucculenta F. Gai, C. K. Hedemand, N. Lundholm & Ø. Moestrup sp. nov.
Namibian upwelling systems
In Namibian waters, recurring blooms of Pseudo-nitzschia are coupled to the nBUS ( Fig. 1) , which is considered one of the most productive marine ecosystems in the world (Lachkar and Gruber, 2012) . Upwelling in the nBUS is primarily driven by southerly or southwesterly wind forcing that drives Ekman transport, which forces surface waters to the west. This in turn causes upwelling when nutrient-rich bottom water is forced east towards the coast and upwards due to changes in coastal bathymetry. Pseudo-nitzschia spp. take advantage of the upwelling and blooms in the photic zone (Lelong et al., 2012) . The nBUS is delimited in the south by the powerful Lüderitz Upwelling Cell (LUC) (Fig. 1) , an area of strong winds, high offshore advection and abrupt bathymetric changes that cause turbulent mixing and upwelling. The LUC divides the nBUS from the sBUS (Hart and Currie, 1960; Rae, 2005; Hutchings et al., 2009) and it has been characterised as the most intense upwelling centre globally in terms of wind forcing (Bakun, 1996) . In the north, the nBUS is defined by a strong temperature front, the Angola-Benguela Front (ABF) (Fig. 1) . The surface currents of the ABF are highly mobile, and shifts in north/south directions occur rapidly, sometimes on a weekly basis; however, the front maintains its position between 14°S and 16°S throughout the year (Meeuwis and Lutjeharms, 1990) . High temperature undercurrents bring bottom water into the nBUS below the thermocline and form a temperature front defining the nBUS in the north (Shannon et al., 1987; Mohrholz et al., 2008) . Occasionally, the ABF pushes further south into the nBUS, during periods of low wind pressure, causing a local "El Niño" eventthe "Benguela Niño" (Shannon et al., 1986; Florenchie et al., 2003) , which can cause sea surface temperature anomalies above 4°C (Rouault et al., in press ).
Pseudo-nitzschia spp. in Namibia and southern Africa
In the Southern Hemisphere, off the coast of South Africa, Angola and Namibia, little is known about the diversity and toxicity of Pseudonitzschia species . The abundance of Pseudo-nitzschia in Namibian waters varies seasonally and annually depending on factors such as wind patterns, temperature and nutrient availability (Louw et al., 2016) , however, Pseudo-nitzschia blooms often occur in Namibian waters, with cell concentrations exceeding 200,000 cells L −1 , occasionally reaching 1 million cells L −1 (Louw et al., 2017) . Toxicity in shellfish has been recorded in low concentrations in this region during the Namibian mariculture monitoring program (NatMIRC, unpublished data) and DA has been found in fish (Louw et al., 2018) . This may cause problems for bivalve fisheries and has most likely resulted in fatalities of local marine wildlife (Louw, unpublished) . Domoic acid was, however, also found in molluscs north of this region, in Luanda, Angola, following blooms of Pseudo-nitzschia spp. containing cellular DA (CDA) up to 5 pg DA cell −1 (Blanco et al., 2010 ).
Species such as P. australis, P. fraudulenta and P. subpacifica occur in the northern Benguela upwelling system (nBUS) (Marangoni et al., 2001; Guannel et al., 2015; Louw et al., 2018) . In Namibian waters, blooms are often dominated by the occasionally toxic species P. fraudulenta, P. pungens and, most importantly, by the frequently toxic P. australis (Louw et al., 2018) , which is notorious in causing increased levels of DA in the environment and has resulted in closures of molluscan shellfish harvesting and commercial crab fisheries worldwide Table 2 therein; McCabe et al., 2016) . Pseudonitzschia spp. of the seriata group (3-4 μm or more in width, (Hasle et al., 1996) ) have been reported in concentrations up to 1 million cells L −1 off Terrace Bay in a remote area of the Namibian coast (Hansen et al., 2014) . Further, molecular studies have suggested the presence of either P. cf. subpacifica or P. heimii, and either P. turgiduloides or P. turgidula (Guannel et al., 2015) in Namibian waters. The molecular Fig. 1 . Map of the Benguela current region in southwest Africa with the approximate positions of the Angola-Benguela front, the northern Benguela upwelling system, the Lüderitz upwelling cell and the southern Benguela upwelling system. Sampling stations of the R/V Mirabilis survey in blue-filled circles and the R/V !Anichab survey in red-filled circles. studies were, however, based on ITS1 (Internal transcribed spacer 1) sequences with a divergence of up to 17% and the identifications are hence uncertain. None of the Namibian Pseudo-nitzschia species have been tested for toxicity.
In nearby African waters, Pseudo-nitzschia spp. and DA have also been found. In South Africa, in the southern Benguela upwelling system (sBUS), particulate DA reaching 0.1-3 μg DA L −1 was found during a dense bloom of Pseudo-nitzschia spp. comprising what was presumably P. australis (Fawcett et al., 2007; Seeyave et al., 2009) . Later, in the same region, Pseudo-nitzschia spp. cells were found containing pDA levels of 0.21 pg DA cell −1 (Hubbart et al., 2012) .
Presence of various
Pseudo-nitzschia species along the African west coast was reviewed by Hasle (2002) , who, based on earlier studies and unpublished observations, described the presence of P. australis, P. delicatissima, P. fraudulenta, P. multiseries, P. pseudodelicatissima, P. pungens and P. subpacifica. Only P. australis, P. fraudulenta and possibly P. pungens were from the southwest African waters and thus relevant for this study. So far, species determination of Pseudo-nitzschia in Namibian waters has been restricted to either only morphological evidence (e.g. Marangoni et al., 2001; Louw et al., 2018) or to molecular sequencing (Guannel et al., 2015) . In this study Pseudo-nitzschia species from Namibian waters were sampled, isolated and cultivated during a threeweek period in November-December 2016, and for the first time identifying and describing local Pseudo-nitzschia species using a combination of transmission electron microscopy (TEM) and molecular data (ITS rDNA). Potential toxin production was explored for identified Pseudo-nitzschia species during exponential and stationary growth phases.
Materials and methods

Collection and sampling
Net and water samples were collected during a survey on R/V Mirabilis in November (8.11.2016 November (8.11. -24.11.2016 , and in Lüderitz during four shorter inshore trips on the R/V !Anichab (29.11.2016-2.12.2016) and during a monthly survey on the R/V !Anichab (8.12.2016) ( Table 1,  Table A1 in Appendix A, Fig. 1 ). The samples from the R/V Mirabilis survey in November 2016 were taken during transects perpendicular to the Namibian coast at latitudes 18°S, 20°S, 23°S, 26°S and at distances 2, 5, 10, 20, 30, 40, 50, 60, 70 and 90 nautical miles (NM) from the coast for the 26°S, up to 70 NM for the 20°S and 23°S, and up to 30 NM from the coast for the 18°S. Station names from this survey (e.g. 20070) have information of both latitude (20°S) as well as distance from the coast (70 NM). Samples from the short inshore trips on the R/V !Anichab were taken inside the Lüderitz Lagoon and in Shearwater Bay, both < 1 NM off the coast. The samples from the monthly survey on the R/V !Anichab were taken in the Lüderitz Lagoon, in Shearwater Bay and at distances of 1, 2, 5, 10, 20, 30 and 40 NM perpendicular to the coast. Only sampling stations containing isolated Pseudo-nitzschia spp. are depicted on the map (Fig. 1 ) and in Table 1 .
In order to make qualitative analyses and to establish cultures, plankton net samples were taken at all stations, using a 20 μm plankton net (with a 30 cm diameter) drawn vertically in the upper part of the photic zone (∼30 m). From the net samples, one part was fixed in acidic Lugol's solution (3-5% of the total sample volume) and another part was kept alive, diluted in filtered seawater and placed in a cooling box. Water samples were taken using Niskin bottles and either fixed in acidic Lugol's solution or kept alive.
Isolation and cultivation
At the facilities of the National Marine Information and Research Centre (NatMIRC) in Lüderitz and Swakopmund, Namibia, the live netand water samples were inspected and single cells or chains of Pseudonitzschia spp. were isolated with a dragged glass pipette using an inverted light microscope (Zeiss, Axiovert 200). The isolates were washed in drops of L1 culture medium (Guillard and Hargraves, 1993 ) and transferred to 96-well plates containing L1 growth medium based on local filtered sea water with a salinity of 37-38. The isolates were kept Table 1 Overview of isolated Pseudo-nitzschia strain ID, determined species, accession number (acc. no.), sampling station ID and sampling date. Sampling stations can be seen on Fig. 1 
Morphological studies based on TEM
The Pseudo-nitzschia spp. samples were cleaned of organic components using sulphuric acid, potassium permanganate and oxalic acid following Lundholm et al. (2002) . The cleaned samples were mounted on carbon-coated grids by applying droplets of the sample onto the grids and letting them dry at 40°C. The grids were inspected in TEM (JEOL 1010, Jeol, Tokyo, Japan) and digital micrographs were taken of entire valves, close-ups of cell ends and close-ups of the middle of the valves, including details of poroid organisation. For known species, ten valves were measured, and for potentially new species, 20 valves were measured.
2.4. DNA-extraction, amplification, sequencing and secondary structure DNA was extracted using a modified 2×CTAB method (Lundholm et al., 2002) . For PCR, the primers ITS1 and ITS4 (White et al., 1990) were used to amplify the ITS region of nuclear rDNA, using initially one denaturation step at 94°C (2 min), then 36 cycles at 94°C (30 s.), 50°C (30 s.), 72°C (45 s.) and finally 72°C for 10 min. For some samples an annealing step of 52°C-56°C was used. Successful PCR products were purified following the QIAquick PCR purification kit protocol and sent to Macrogen Inc. for sequencing, using the PCR primers as well as sometimes ITS2 and ITS3 (White et al., 1990) .
The alignment of the ITS rDNA sequences was performed using Clustal W (Thompson et al., 1994) in BIOEDIT (Hall, 1999) . Pseudonitzschia spp. sequences were included from GenBank. Twenty strains from the present study were included in the alignment, which added up to 96 strains including those from GenBank (Table B1 in Appendix B). The total alignment comprised 961 base pairs. Ambiguously aligned positions were excluded from the analyses, which were based on 742 base pairs. All analyses were conducted on ITS as well as the complete ITS2 only. Three different phylogenetic analyses were conducted in PAUP (Version 4.0, Swofford, 2002) : Neighbour joining (NJ) (1000 replicates) and Maximum Parsimony (MP), by heuristic searches (1000 replicates) and a branch-swapping algorithm (tree-bisection reconnection). Maximum likelihood (ML) analyses were performed using the optimal model found with a 99% level of significance using Modeltest (Posada and Crandall, 1998) . Bayesian (BI) analysis was conducted using MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003) on four chains run for 1,200,000 generations. The temperature was set to 0.2, sample frequency was 100 and the number of burn-in generations was 3000. For NJ, MP and ML methods, bootstrap analyses were performed to determine the robustness of the trees, while robustness in BI was determined using posterior probability. These values were conjoined in a NJ tree.
The secondary structure of ITS was predicted using the mfold server at http://unafold.rna.albany.edu/?q=mfold (Zuker, 2003) . Helices were recognized by comparing the ITS regions of several Pseudonitzschia species following Teng et al. (2015) . The helices were named according to Mai and Coleman (1997) and Amato et al. (2007) . The ITS2 of P. bucculenta, P. dolorosa and P. simulans was compared to identify compensatory base changes (CBCs) (changes of base pairs at both sides of a helix, which thus conserve the pairing) and hemi-CBCs (HCBCs) (changes of base pairs at one side of a helix). The 'type' strains of P. dolorosa (strain 300) (Lundholm et al., 2006) and P. simulans (strain MC281) (Li et al., 2017) were used for the comparisons. All ITS2 sequences of P. bucculenta were identical. Further, the ITS2 sequences of strains of P. decipiens were compared for exploring differences among strains.
Domoic acid production
Eight strains, representing all seven species and two strains of P. plurisecta were selected for DA production analyses. One week prior to the experiment, exponentially growing cultures were transferred to 200-mL polystyrene flasks (Sarstedt, Germany) containing L1 medium adjusted to pH 8.0 and adapted to 100 μmol photons m −2 s −1 light intensity. From each exponentially growing culture, a 700-mL batch culture containing ∼1500 cells mL −1 was prepared. From this batch, triplicate Nunc bottles were filled with 200 mL at a concentration of ∼1500 cells mL −1 . From the remaining 100-mL batch culture, 1-mL samples were taken for RFU (Relative Fluorescence Unit) measurements and cell density. In addition, 40 mL samples were taken for DA analyses. The 40 mL were transferred to 10-mL centrifuge glass tubes and spun down at 1200 G for 20 min at 8°C. For analysis of dissolved DA (dDA), 15 mL of the supernatant were transferred to a Falcon tube and frozen at −20°C for further analyses. For particulate DA (pDA), the remaining supernatant was removed and the pellet was resuspended in app. 500 μL, 30-psu sea water, transferred to a 1.5-mL Eppendorf tube, re-centrifuged for 20 min at 8°C, supernatant was discarded and the sample was frozen at −20°C. Dissolved DA was measured directly without any further treatment. The triplicate Nunc bottles were placed on a light table in a 15°C climate room in a 16:8 h light: dark cycle at light intensities of ca. 100 μmol photons m −2 s −1 . DA sampling was repeated when the cultures reached exponential and stationary growth phases. Samples for RFU (all replicates) and counting (one replicate) were taken on a daily basis during the experiment to follow the growth of the cultures. From the RFU and the cell counts, standard curves were established and used to translate RFU measures into cell numbers of all replicates. DA contents of the samples were measured at the Alfred Wegener Institute, Germany using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) as described in Krock et al. (2008) .
Results
Species identifications
Seven different species were established in culture and identified (Table 2) Species determination was based upon compliance between molecular and morphological traits, from TEM micrographs and phylogenetic analyses of ITS rDNA.
Phylogenetic inference and secondary structure
Overall branching pattern was similar in all the phylogenetic analyses (Fig. 9 ). Presentation of results will focus on clades comprising the 20 sequenced Namibian strains. Clade I (Fig. 9) , a well-supported monophyletic clade with P. dolorosa including the Namibian P. dolorosa, appeared as a sister clade to a highly supported monophyletic group (Clade II) ( Fig. 9 ) comprising four Namibian strains of P. bucculenta sp. nov. Furthermore, P. simulans appeared as sister taxon to P. dolorosa and P. bucculenta. Clade III (Fig. 9 ) comprised two groups of P. decipiens, Clades IIIa and IIIb, as well as P. sabit and P. galaxiae, and appeared as sister clade to a clade comprising Clades I and II. The branching pattern within Clade III was not well supported. Namibian strains of P. fraudulenta (Clade IV), P. plurisecta (Clade V), P. pungens var. cingulata (Clade VI) and P. australis (Clade VII) were found clustering together with other strains of the same species.
Detailed analyses of ITS2 (Fig. 10) showed the same overall pattern as Fig. 9 , with Clade I, comprising P. dolorosa strains, forming a sister group to Clade II, comprising P. bucculenta. Comparing ITS2 sequences using the secondary structure, folding of the ITS2 of P. bucculenta revealed the typical four-helix secondary structure (I-IV) with the additional helix IIa, similar to previous results (e.g. Amato et al., 2007 , Teng et al., 2015 . Secondary structure comparisons of ITS2 revealed that four hemi-CBCs (HCBC) differentiated P. bucculenta and P. dolorosa (Table 4) . The HCBCs were found as: one in helix I, one in helix II, one in helix III and one in helix IV. The single HCBCs comprised two T-A↔T-G and two G-C↔G-T. Comparisons with P. simulans revealed that six HCBCs and one CBC differentiate P. bucculenta and P. simulans (Table 4 ). The CBC was situated in helix IV (A-T in P. bucculenta ↔ T-A in P. simulans), and the HCBCs were found as: one in helix I, one in helix II and four in helix III. The six of the HCBCs were four G-T↔G-C and two T-A↔T-G.
In the ITS2 phylogeny, Clade III ( Fig. 10 ), which had low support, comprised two groups of P. decipiens, Clade IIIa (comprising the Namibian sequences and one sequence from France) and IIIb (comprising sequences from Canary Islands, Mexico and Malaysia). Comparisons of base changes in ITS2 among strains of P. decipiens constituting the two clades revealed that base pairs differed between clades in two positions, one T-G ↔ C-G (constituting a HCBC) located in helix II and one T ↔ C (in a loop in helix IV) (Table 3) . Otherwise single nucleotide polymorphisms were found among strains in loops or single-stranded DNA (Table 3) .
Species descriptions
3.3.1. Pseudo-nitzschia australis (Frenguelli) Hasle, 1965 Eight P. australis (Fig. 2 ) strains were isolated from the December survey from Lüderitz at sampling station 20 NM (Fig. 1, Table 1 ).
3.3.1.1. Morphology. The morphology of P. australis (Table 2) agreed Table 2 Morphometric and morphological data and species identification of Pseudo-nitzschia strains isolated during the present study. with the emended type description by Hasle (1965) although specimens in the present study were narrower (5.1-7.9 μm) compared to the emended description (6.5-8 μm).
3.3.1.2. Molecular analyses. The two Namibian P. australis strains clustered in Clade VII with other P. australis strains (Fig. 9 ).
Pseudo-nitzschia decipiens Lundholm and Moestrup, 2006
Four P. decipiens (Fig. 3 ) strains were isolated from the R/V Mirabilis survey at sampling station 20070 (Fig. 1, Table 1 ).
3.3.2.1. Morphology. Key differences in morphology of P. decipiens were found in this study compared to the type description (Lundholm and Moestrup, 2006) (Table 5 ): a lower fibula density was found in the present study (17-24/10 μm) compared to the type (20-26/10 μm) (Welch's t-test, p < 0.05). Poroid density was also lower in this study, (7-12 μm −1 ) compared to the type (9-13 μm −1 ) (Welch's t-test, p < 0.05). Stria density was slightly higher in this study (42-48/ 10 μm) compared to Lundholm and Moestrup (2006) (41-46/10 μm) (Welch's t-test, p < 0.005), whereas valve length had a narrower range in this study (17.7-28 μm) compared to the type description (29-64 μm), however not significant (Welch's t-test, p < 0.05).
Compared to other P. decipiens strains (Table 5) , P. decipiens from this study had overall lower but overlapping densities in fibulae, striae and poroids.
3.3.2.2. Molecular analyses. The Namibian P. decipiens strains clustered within the monophyletic Clade III in which other P. decipiens strains from GenBank were included (Fig. 10) as a moderately to highly supported sister group to P. sabit and P. galaxiae. P. decipiens from the present study however formed a low to highly supported monophyletic subgroup together with the PER1 strain from France in Clade IIIa (Fig. 10) , as a sister group to the other low to highly supported monophyletic P. decipiens Clade IIIb, suggesting a subdivision of P. decipiens.
3.3.3. Pseudo-nitzschia dolorosa Lundholm and Moestrup, 2006 13 strains of P. dolorosa (Fig. 4) were isolated from the R/V Mirabilis survey in November 2016 at various sampling stations at latitudes 18°S and 26°S: 18002, 26030, 26050, 26070 and 26090 (Fig. 1, Table 1 ). One strain was isolated from the December survey from Lüderitz at sampling station 30 NM (Fig. 1, Table 1 ).
3.3.3.1. Morphology. Compared to the type description (Lundholm and Moestrup, 2006) , the morphology of the P. dolorosa strains (Table 2) showed the following differences: Stria density was slightly higher in this study (32-39.3/10 μm) compared to Lundholm and Moestrup (2006) (30-36/10 μm) (Welch's t-test, p < 0.05). A wider and higher range of poroid density was found in the present study (6.7-10.7 μm ). Also, a wider range was found in band striae density (38-47/10 μm) compared to the type (40-44/10 μm). The Namibian valve widths were smaller (1.9-2.75 μm) compared to the type description (2.5-3.0 μm) (Welch's t-test, p < 0.0001).
3.3.3.2. Molecular analyses. The four Namibian P. dolorosa strains clustered within the highly supported monophyletic Clade I together with other P. dolorosa strains (Figs. 9 and 10 ).
3.3.4. Pseudo-nitzschia fraudulenta (Cleve) Hasle, 1993 Ten P. fraudulenta (Fig. 5 ) strains were isolated from the R/V Mirabilis survey at the sampling stations 18002 and 18010 (Fig. 1, Table 1 ).
3.3.4.1. Morphology. The morphology of P. fraudulenta (Table 2) agreed with the description by Hasle (1965) , except for slightly narrower valves (4.3-5.1 μm) compared to the original description (4.5-6.5 μm). Pores were divided into 2-5 sectors (Fig. 5E ).
3.3.4.2. Molecular analyses. The three Namibian P. fraudulenta strains clustered within the low to highly supported monophyletic Clade IV, which contained other P. fraudulenta strains (Fig. 9). 3.3.5. Pseudo-nitzschia plurisecta Orive and Pérez-Aicua, 2013 Six P. plurisecta (Fig. 6 ) strains were isolated in November from Shearwater Bay A, Lüderitz (Fig. 1, Table 1 ). Two strains were isolated from the December survey at the 20 NM sampling station, Lüderitz (Fig. 1, Table 1 ).
3.3.5.1. Morphology. The morphology of P. plurisecta (Table 2) agreed with the type description (Orive et al., 2013) , although denser band striae were found in the present study (48-51/10 μm) compared to the type (45-48.5/10 μm). The poroids were divided into 3-6 sectors.
3.3.5.2. Molecular analyses. The four Namibian P. plurisecta strains clustered within the moderate to highly supported monophyletic Clade V, which contained other P. plurisecta strains (Fig. 9). 3.3.6. Pseudo-nitzschia pungens var. cingulata Villac, 1998 Three strains of P. pungens var. cingulata (Fig. 7) were isolated in November from Shearwater Bay A, Lüderitz (Fig. 1, Table 1 ).
3.3.6.1. Morphology. The morphology of P. pungens var. cingulata agreed with the emended description by Churro et al. (2009) , although in the Namibian specimens, fibula and stria densities were slightly higher (fibulae: 12-16/10 μm, striae: 11-16/10 μm) compared to the emended description (fibulae: 10-13/10 μm, striae: 11-15/10 μm (Churro et al., 2009) ).
3.3.6.2. Molecular analyses. The Namibian P. pungens var. cingulata strain clustered within the low to moderately supported monophyletic Clade VI, which contained other P. pungens var. cingulata strains (Fig. 9). 3.3.7. Pseudo-nitzschia bucculenta F. Gai, C. K. Hedemand, N. Lundholm and Ø. Moestrup, sp. nov.
The cells formed short, stepped chains of up to 12 cells in the present study. The valves were lanceolate and more or less asymmetrical in valve view (Fig. 8A ) and rectangular to lanceolate in girdle view (Fig. 8B) , with valves tapering from the centre towards the isopolar apices ( Fig. 8E and F) . Valve width was 2.7-3.6 μm ( Fig. 8C and D) and valve length 19.2-30.8 μm. Fibula density was 16-21/10 μm, and a central nodule was present in the interspace between the two central fibulae (Fig. 8C and D) . Stria density was 28-35/10 μm. Most striae were biseriate except in the centre of the valve, where striae were often uniseriate, or the two rows merged into one row ( Fig. 8C and D) . The poroids were often arranged in pairs in the biseriate striae, and poroid density varied from 5.5 to 7.5 μm −1 . In the valvocopulae, the density of band striae was 38-39/10 μm. The bands consisted of a valvocopula containing four poroids in each stria (Fig. 8I) , and attached on the valvocopula were two cingular bands, one perforated with one or two longitudinal rows of poroids, the other unperforated (Fig. 8J) 3.3.7.4. Type locality. Lüderitz Lagoon, Namibia. The type P. bucculenta strains were isolated on the R/V !Anichab survey from the Shearwater Bay A station (30.11.16) (Fig. 1, Table 1 ).
3.3.7.5. Etymology. (Latin) bucculenta, chubby, because of its relatively wide valve width, which makes the cells appear somewhat chubby.
3.3.7.6. Phylogeny. The four Namibian strains of P. bucculenta formed a monophyletic sister group to P. dolorosa. The grouping was highly supported in all phylogenetic analyses (Fig. 10). 3.3.7.7. Molecular signature. Synapomorphy in helix II of ITS2 of the nuclear rDNA: 5′-GGCTCTGACCGTAACTAGTTTATGGTCTCTGCT-3′ (33 bp). This sequence includes a HCBC and two insertions/deletions differentiating it from P. dolorosa, and one HCBC and four SNP (single nucleotide polymorphism) that differentiates it from P. simulans. A test for the uniqueness of the diagnostic signature of P. bucculenta was confirmatory; no similar sequences were found.
Domoic acid production in Namibian Pseudo-nitzschia species
Two (P. australis and P. plurisecta) out of seven Namibian Pseudonitzschia species were found to produce DA under the experimental conditions used (Table 6 ) when testing both exponential and stationary growth phases. The remaining species (P. fraudulenta, P. decipiens, P. dolorosa, P. bucculenta, P. pungens var. cingulata) were not toxic, or the DA content was below the detection limit (Table 6 ). The toxic strains included one strain of P. australis and two strains of P. plurisecta. Initially, all toxic strains showed the highest values of pDA content: 0.074 pg DA cell −1 in P. australis and 0.338 pg DA cell −1 and 0.385 pg DA cell −1 in P. plurisecta. During exponential growth phases, pDA in all strains decreased significantly, but towards the end of the stationary phase, a slight increase was found in all strains. Dissolved DA was very low in all the toxic strains (Table 6 ) and the total DA (tDA) was therefore not much different from pDA. In all strains, at all phases, pDA and tDA were statistically higher than dDA (t-test, α = 0.05, p), whereas no significant differences were found between pDA and tDA (ttest, α = 0.05, p < 0.001). The instrumental limit of detection (LOD) in LC-MS/MS was determined as 0.61 pg μL −1 and pDA expressed on a cellular basis varied between 0.1 fg DA cell −1 and 1 fg DA cell −1 depending on analysed biomass.
Discussion
Species phylogeny, morphology
Seven Pseudo-nitzschia species, P. australis, P. decipiens, P. dolorosa, P. fraudulenta, P. plurisecta, P. pungens var. cingulata, and P. bucculenta sp. nov. were identified based on morphological and molecular data, and production of DA found in two of these, P. plurisecta and P. australis. The seven Pseudo-nitzschia species found represent a part of the diversity present in Namibian inshore and offshore waters (Table 1) , as well as in the three ecologically important upwelling systems in Namibian waters, which are the nBUS covering the entire Namibian coast, the ABF in the north (which falls within the nBUS) and the LUC in the south (Fig. 1) . Out of the seven species, earlier studies based on TEM (Louw et al., 2018) have reported two to possibly six, as discussed below. The species descriptions in Louw et al. (2018) were based on samplings from surveys in August 2004, collected during a toxic bloom event with reports of dead fish and seals as well as sightings of irregular seabird behaviour (Louw et al., 2018) Walvis Bay and ending 70 NM off the coast (Louw et al., 2016) . Comparisons between these morphological and morphometric descriptions of Pseudo-nitzschia and results from the present study confirmed the presence of P. australis, P. fraudulenta, P. pungens var. cingulata and P. decipiens, with P. australis as a dominant species.
In Namibian waters, Marangoni (NatMIRC unpublished data) found a Pseudo-nitzschia species believed to be P. cf. delicatissima or "P. occulta" in the 2004 findings (Louw et al., unpublished) . The morphometrics of this 2004 species match that of P. decipiens from the present study, although stria density is higher in the present study and fibula density slightly lower (Table 5 ). The morphometrics of the 2004 species also match the morphometrics of the type description of P. decipiens (Lundholm and Moestrup, 2006) , except for a lower stria density and a lower but overlapping range in fibula density, but with a similar poroid density, as opposed to the Namibian P. decipiens in the present study (Table 5) . It is hence possible that the P. cf. delicatissima or "P. occulta" in the 2004 findings represent P. decipiens. The distribution of P. decipiens (Fig. 3 ) in the present study was limited to offshore waters at 20°S (Fig. 1, Table 1 ), whereas the distribution of the P. cf. decipiens found by Marangoni (NatMIRC unpublished data) was only mentioned as "Namibian waters".
A phylogenetic division of the P. decipiens strains into two groups was found (Figs. 9 and 10 ) and supported by a single HCBC as well as a base pair difference in a loop region of ITS2. This division was moderately supported by morphological differences, as P. decipiens from the present study has fewer fibulae/10 μm, band striae/10 μm, and poroids μm −1 compared to Clade IIIb morphologies (Table 5) . As the morphologies of the earlier findings of P. decipiens in Namibian waters (see above) match the type description (representing Clade IIIb) to some extent (Table 5) , the morphology does not convincingly distinguish between the two clades. Looking into the geographical origins of the strains of P. decipiens reveals that the Namibian strains group in Clade IIIa with strain PER1 from France (Fig. 10) , whereas the other Clade IIIb (Fig. 10 ) comprises three strains from warmer regions: Malaysia, Gran Canaria and the Mexican Gulf (Table 5 ). Molecular diversity within a Pseudo-nitzschia species due to differences in geographical origins has been shown in Lim et al. (2014) , who reported that the gene flow in P. pungens var. aveirensis between temperate and tropical waters was limited, subsequently resulting in a phylogenetic sub-division of P. pungens var. aveirensis. Similarly, a subdivision in a European and a Southeast Asian clade was found in P. brasiliana (Wang et al., 2012) . The molecular groupings of P. decipiens may therefore derive from differences in origin, e.g. temperate versus warmer regions. The differences noted may eventually result in P. decipiens being divided into two geographically separated varieties. Detailed analyses of the molecular and morphological diversity of more strains from geographically widespread localities will reveal whether P. decipiens should be subdivided into varieties.
Geographical distribution of Pseudo-nitzschia species in Namibia
Pseudo-nitzschia australis (Fig. 2 ) from this study was isolated from inshore regions ∼26°38 'S (Table 1) , and thus expanded further south. In 2004 it was found at sampling stations from 24°S to 18°S in high abundances, and P. australis dominated the 23°S transect in 2005 (Louw et al., 2018 .
Results from the present study also confirm a more southerly distribution of P. pungens var. cingulata (Fig. 7) , i.e. inshore at ∼26°38′S (Table 1) , previously it was found along the 18°S to ∼24°S transects during 2004, and during 2005-2008 it was present in high concentrations along the 23°S transect (Louw et al., 2018) .
The distribution of P. fraudulenta (Fig. 5 ) in the present study was limited to the northern region of Namibian waters, as it was found exclusively at 18°S in both inshore and offshore stations (Table 1) . Previously it was found at 20°S and 23°S in high concentrations in 2005 and 2011 (Louw et al., 2018) , hence this expands the known distribution area from 18°S to 23°S.
Pseudo-nitzschia plurisecta (Fig. 6 ) was found in the southern part of Namibia at 26°S, 20 NM off the coast (Table 1) in proximity of the LUC (Fig. 1) . The presence of P. plurisecta has never previously been reported Table 3 Mismatches in ITS2 rDNA base pairs comparing P. decipiens from Namibia, strains in Clades IIIa and IIIb and P. decipiens type strain Mex13. Base pair position differing between the temperate and the tropical strains is indicated in grey, a HCBC in dark grey. Sequences from Namibia were identical except for ambiguous bases. Position  31  57  69  173 221 224 225 228 253-261  Helix  I  II  II  III  III  III  III  III Table 4 Mismatches in ITS2 rDNA base pairs, excluding positions in loops or single strand regions, comparing P. bucculenta (strain No 6) with P. dolorosa (type strain 300) and P. simulans (type strain MC281). Positions are given as positions in ITS2 sequence of P. simulans, and position in helices are indicated. HemiCBCs and CBCs are indicated with light grey and dark grey, respectively. Table 5 Morphometric and morphological data of Pseudo-nitzschia decipiens strains found in the present and other studies including geographical origin and phylogenetic clade (Clade IIIa/Clade IIIb) based on phylogenetic analyses from the present study (Figs. 9 and 10). "-"=not described. F.F. Gai et al. Harmful Algae 76 (2018) 80-95 in Namibian waters, in fact not from any coastal waters off the African continent (Bates et al. in revision) . The described distribution is otherwise restricted to Australia (Tasmania), the Gulf of Maine, Malaysia and Spain (Atlantic) (Bates et al. in revision) . The distribution of P. dolorosa, which has not previously been reported from Namibian waters, was found to cover the entire Namibian coast, both inshore and offshore at 18°S, 23°S and 26°S. Similarly, the geographical distribution of P. decipiens has not previously been reported in Namibian waters. This study showed P. decipiens to be present only at the offshore northern parts of the Namibian coast at 20°S (Table 1) .
Pseudo-nitzschia bucculenta sp. nov.
The distribution of P. bucculenta (Fig. 8) was restricted to the southern parts of the Namibian waters in proximity of the LUC (Fig. 1) , as it was found exclusively at 26°S, inshore as well as offshore (Table 1) . Louw et al. (2018) , however, described an unidentified Pseudo-nitzschia species, P. cf. dolorosa, in offshore stations at 23°S from 2006 and 2007. The description of P. cf. dolorosa in Louw et al. (2018) had a wider valve width (2.9-3.5 μm) than the type description of P. dolorosa (2.5-3.0 μm) (Lundholm et al., 2006) , but resembles P. bucculenta (2.7-3.6 μm). The length of P. cf. dolorosa (Louw et al., 2018) was considerably longer than P. bucculenta in the present study (50-70 μm compared to 19.2-30.8 μm). Cell length is, however, an unreliable morphometric character when identifying Pseudo-nitzschia species, as it depends on population age. The difference could reflect that Louw et al. (2018) looked at a field sample, while this study analysed cultured material. All other morphometric and morphological data match P. bucculenta. Thus P. cf. dolorosa in Louw et al. (2018) is considered to represent P. bucculenta, and therefore, the distribution of P. bucculenta also include northern regions of the nBUS.
A morphological comparison of P. bucculenta with the phylogenetically closely related P. dolorosa (Lundholm and Moestrup, 2006) shows similar, biseriate, striae, the two rows merging into one row of poroids in parts of the valve. Fibula and stria density overlap, but P. bucculenta has lower densities of fibulae (Welch's t-test, p < 0.0001) and stria (Welch's t-test, p < 0.0001). The density of poroids overlaps, although P. bucculenta has slightly fewer, however not significantly (Welch's t-test, p < 0.05). The girdle bands of P. dolorosa and P. bucculenta appear similar. The main difference between the two species is valve width. P. bucculenta is wider (2.7-3.6 μm) than P. dolorosa (1.9-2.8 μm) (Welch's t-test, p < 0.0001) (Figs. 4 and 8) .
Other Pseudo-nitzschia species off the coast of south-west Africa
Molecular studies have previously reported presence of Pseudonitzschia in Angolan waters (Guannel et al., 2015) , north of the ABF (Fig. 1 ). The species composition described was very different from that of the present study and at least five species were reported from Angola (P. inflatula, P. galaxiae, P. cf. subpacifica and P. caciantha), that were not observed in this study, suggesting different species compositions of the two areas. It seems likely that the south-west African waters harbour many different Pseudo-nitzschia species, possibly separated by upwelling and current systems, such as the LUC and the ABF.
4.5. Domoic acid production in Namibian Pseudo-nitzschia species Namibian P. australis (one strain) and P. plurisecta (two strains) were found to produce DA (Table 6 ). Toxicity of P. australis has been reported globally and several studies have demonstrated toxicity in laboratory cultures ), depending on laboratory conditions. The pDA contents found in the present study (Table 6) were relatively low compared to earlier findings Table 3 ), but match results by Baugh et al. (2006) , where P. australis was tested for DA production during exponential growth and optimal conditions. The presence of P. australis in Namibian waters has previously been investigated by Louw et al. (2018) , who found several blooms, including the previously mentioned bloom in 2004, where high pDA concentrations were measured and P. australis was the dominant species. This study confirms DA production in Namibian P. australis, verifying a likely coupling between high concentrations of P. australis and high pDA in the water and possibly the cause of the mortalities of marine wildlife in the area.
The observed toxicity in P. plurisecta (Table 6 ) is higher than in previous findings, e.g. Fernandes et al. (2014) , where tDA was 0.0086-0.130 pg cell −1 during early stationary phase under optimal conditions, compared to tDA of 0.227-0.294 pg cell −1 in the present study. Since toxic P. plurisecta has now been found in Namibian waters, high densities of this species have the potential to influence Namibian marine food webs, including local fisheries and aquaculture. Domoic acid production in P. fraudulenta was not found in the present study (Table 6 ). Toxicity in P. fraudulenta strains has previously been found by e.g. Fernandes et al. (2014) and Thessen et al. (2009) , but the latter study also reported no detectable toxicity in other P. fraudulenta strains. P. fraudulenta has been present in high concentrations during several bloom events in Namibian waters (Louw et al., 2018) . Although the present study did not reveal any DA production in P. fraudulenta, the toxicity reports from elsewhere indicate that high concentrations of this species can result in toxicity and therefore may have the potential to influence Namibian marine food webs. Domoic acid production in Pseudo-nitzschia varies in laboratory experiments with both biotic and abiotic factors (reviewed by Trainer et al. (2012) and Lelong et al. (2012) ). Recently it was found that the presence of copepods can induce toxin production in Pseudo-nitzschia species (e.g. Tammilehto et al., 2015; Harðardóttir et al., 2015) . Gai et al. Harmful Algae 76 (2018) 80-95 Keeping all of these various DA production triggers in mind, it is important to emphasize that it cannot be concluded that the strains found to be non-toxic will remain non-toxic under stress from one or more of these known DA production triggers. It has previously been shown that species believed to be non-toxic, did produce DA during other environmental conditions, as was the case in an earlier study by Harðardóttir et al. (2015) , where P. obtusa suddenly produced DA triggered by the presence of copepods. This study contributes to the knowledge gaps in Namibian research on toxic phytoplankton. Namibian and south-African waters are still relatively unstudied and more Pseudo-nitzschia species are believed to occur in these waters, as the species characterized in the present study do not account for all the diversity reported previously (Louw et al., 2018) . Hence, continued efforts to examine the morphological, molecular phylogenetic, and toxigenic potential of this genus in the Benguela region are needed. (continued on next page) F.F. Gai et al. Harmful Algae 76 (2018) 80-95 Gai et al. Harmful Algae 76 (2018) 80-95 
